The ballistic response of the high strength, low alloy (HSLA-100) steel at ambient and temperatures of -400, -800 and -1960°C is investigated in this work. Lambert-jonas equation is used to fit the experimental results into a curve. The effect of quenching on ballistic behavior of HSLA-100 is also studied. The experiments are conducted on 3mm thick rectangular specimens impacted by blunt tip projectiles. The results indicate that for the as-received material, the ballistic limit is nearly the same for ambient and -400°C temperatures, but increases significantly by 30% and 40% for -800 and -1960°C temperatures, respectively. The same trend is observed for the quenched specimens. However, the increase of ballistic limit is lower for the quenched specimens and is 16% and 30% for -800 and -1960°C temperatures, respectively. The ballistic test was also simulated using Ls-dyna hydrocode to examine the effect of parameters such as the specimen's thickness, the projectile's tip shape and mass on the ballistic limit of the materials.
INTRODUCTION 1
High strength low alloy (HSLA) steels constitute an important class of steels estimated to be around 12% of total world steel production. Due to its high strength, toughness and weldebility, HSLA steels are widely used in structural applications such as naval vessels, buildings, canes, power transportation, gas and petrol pipes, agricultural machineries, ships and submarines [1] [2] [3] [4] . The objective of the HSLA-100 steel production was a banitic matrix which enjoys a good combination of the strength and toughness properties [5] . Over the past recent years, a number of studies have been accomplished on HSLA steels but these studies are mostly related to quasi-static and fatigue loadings and the strength of welded connections made of this type of alloys [6, 7] . There are foot prints in the literature of studies on the dynamic behavior of HSLA steels [8, 9] . The effect of heat treatment on microstructure and the properties of high strength low carbon steels have also been investigated [10] [11] [12] [13] . In general, the properties of 1 *Corresponding Author's Email: gh_majzoobi@yahoo.co.uk (G. Majzoobi) HSLA alloys have been the subject of many investigations over the past several decades. These investigations have mainly focused on microstructural examinations, mechanical characterization and metallurgical aspects of HSLA under various loading and environmental conditions. However, less attention has been paid to the ballistic behavior of the material particularly under frigorific conditions. Martineau et al. [14] investigated the penetration of Tungsten projectiles into the plate targets made of HSLA-100 alloys within the range of velocities 800 to 2500 m/sec. In the present study, the ballistic behavior of HSLA-100 steels was investigated at ambient and subzero temperatures of -400, -800 and -1960°C. The ballistic limit of the alloy could be estimated using the semi empirical or analytical models such as Lambert-Jonas [15] and Recht-Ipson [16] models. Both models are based on the conservation of momentum principal defined by: 
where, v i and v r are the impact and residual velocities, respectively. Recht-Ipson model is usually used for the cases when a rigid projectile hits a thin target in a normal direction. Lambert-Jonas model can be used for oblique impact on thick targets and considers the errors due to test conditions. In Recht-Ipson model we have:
where, v 50 is the ballistic limit. If both sides of Equation (1) are multiplied by the constant, A, and the power 2 is replaced by p, the above equation changes to:
where, A and B are constant. Equation (3) is known as Lambert-Jonas relations and is used to estimate the ballistic limit in the work. In order to obtain A and B, the experimental impact-residual velocities curve is produced using a curve fitting technique for various values of the power, p. The horizontal and the vertical axes of the graph are assigned to the impact and residual velocities, respectively. The value of the impact velocity at the point where the fitted curve intersects with the horizontal axis defines the ballistic limit which is shown by v 50 . Equation (3) is frequently used for determining the ballistic limits of materials [17, 18] . The ballistic limit may be affected by the geometry of projectile and the target [19, 20] and also by heat treatment of the material [21] . The effects of the projectile tip shape and mass and target thickness on the ballistic limit of the material are also investigated in this work. Furthermore, the effect of quenching on the ballistic limit of the material is studied.
MATERIAL AND SPECIMEN
The high strength low carbon alloy, known as HSLA-100 has been used in this investigation. The chemical composition of the material as obtained from spectrometry analysis is shown in Table 1 . The wt% of the elements of the material shown in Table 1 conforms to the standard composition of HSLA-100 [22, 23] . In the current study, HSLA-100 steel was used in the form of as-received and quenched samples. A number of specimens were heated up to 950°C for 40 minutes, were quenched in water and then were cooled in air [13] . The stress-strain curves of the as-received and the quenched specimens were obtained by tensile test. The tensile specimens were made according to the standard ASTM-E8. The corrected true stress-strain curves of the materials are illustrated in Figure 1 . The correction of the curves was performed using Bridgman correction method [24] . As the figure indicates, the quenching of the material has caused the yield stress to increase from 870 MPa to about 1100 MPa, the ultimate strength to increase from 1470 MPa to about 1700 MPa and the elongation to reduce from 1.2 to 0.74.
The rectangular specimens with 3 mm thickness and 90 mm width were prepared for ballistic tests. The tests were conducted using blunt-ends cylindrical projectiles made of high strength VCN150 steel. The projectiles were heat treated to improve their hardness. A typical projectile is depicted in Figure 2 . As the figure shows, the specimens are mounted in a sabot made of polyethylene polymer to decrease the friction and wear between the launch tube and the projectile.
TEST APPARATUS
Quasi-static tests were conducted on an Instron testing machine. Ballistic tests were carried out using a gas gun. The gas gun was able to launch the projectiles of 10 g at the velocities up to several hundred m/s. The gas gun was equipped with a fixture for holding the specimens (see Figure 3 ) and the speed sensors to measure the impact and residual velocities (see Figure  4) . The design of fixture allowed to create built in and simple supports for the specimens. Also, having a hinged door made the quick set up of the specimen possible for ballistic test. It must be mentioned that the specimens were cooled down in a cooling media separately and then were transferred to the fixture for testing.
TEST PROCEDURE
The experiments consisted of (i) quasi-static tensile tests to characterize the mechanical properties of the asreceived and the quenched specimens, (ii) cooling down the specimens and (iii) ballistic tests. The results of the quasi-static tests were presented in section 2. The ballistic tests were performed at 4 four temperatures of ambient temperature, -40, -80 and -196°C. For the subzero temperature tests three different cooling chambers were designed. In all three cooling techniques attempts were made to produce a cooling chamber with a stable temperature and to expose the specimens to the cooling temperature for adequate time to make sure that the specimens has homogenously been cooled down.
(i) For -400°C tests, a mixture of methanol and dry ice was employed. The high thermal capacity of methanol allowed the dry ice to keep the cooling chamber in a stable condition. The temperature rise can be compensated by adding enough ice to the mixture during the process of cooling.
(ii) For -80°C tests, we used dry ice which keeps the temperature constant during process of cooling. The only problem with dry ice was its reduction due to vaporization. Similar to the previous case, the reduction of the ice was compensated by adding enough ice to the cooling chamber during the process of cooling.
(iii) For -196°C, we used liquid nitrogen. In all three cooling techniques, the specimens were put in the cooling chamber for 40 minutes which was found to be enough to reach a constant temperature throughout the samples.
BALLISTIC TEST RESULTS
The ballistic tests were performed on the as-received and the quenched materials. For each temperature, six tests at six different velocities were carried out and the impact and the residual velocities were measured. The experimental variation of the residual velocity versus the impact velocity was fitted into a curve using the Lambert-Jonas model for the powers 1.5, 1.75, 2 and 2.25. Finally, the ballistic limit of the material was obtained using Equation (3).
1. Ballistic Limit of the As-received Specimens
The impact and residual velocities of the as-received material at ambient temperature are given in Table 2 . Specimen From these figures, the ballistic limit was obtained. The results are provided in Table 3 . Variation of ballistic limit versus temperature for various LJ power is shown in Figure 9 . As Table 3 and Figure 9 suggest, the ballistic limit does not vary significantly from ambient temperature to -40°C. However, for the lower temperatures ballistic limit reduces considerably. The increase in ballistic limit for different temperatures with respect to ambient temperature is illustrated in Figure  10 . As it is observed, the ballistic limit increases by about 30% and 40% for the temperatures of -40 and -80°C, respectively. 
2. Ballistic Limit of the Quenched Specimens
Lambert-Jonas curve for quenched material at ambient temperature is illustrated in Figure 11 . Similar curves can be shown for -40, -80 and -196°C. From these figures, the ballistic limit was obtained. The results are provided in Table 4 . As Table 4 suggests, the ballistic limit did not vary significantly from ambient temperature to -40°C. However, for the lower temperatures ballistic limit reduced considerably. The increase in ballistic limit for different temperatures with respect to ambient temperature is depicted in Figure 12 . As it is observed, the ballistic limit increased by about 15% and 30% for the temperatures of -40 and -80°C, respectively.
The results indicated that the increase in ballistic limit for the quenched specimens was less than that for the as-received materials. The increase in ballistic limit for the quenched material with respect to the as-received specimens is shown in Figures 13 and 14. 
NUMERICAL SIMULATIONS
It is obvious that ballistic limit of a material depends on the material's properties and geometry particularly the thickness and the projectile geometry specifically its tip shape.
The results provided in section 5 were obtained for 3 mm thick plates impacted by blunt projectile with a 6 mm diameter. In this section, the effect of the specimen thickness and the projectile mass and tip shape on the ballistic limit is studied by numerical simulation. The simulations are also validated by experiment. The validated model is then employed to predict the ballistic limit for different test conditions. The simulations are performed using the well-known hydrocode, Ls-dyna. Figure14. The increase in ballistic limit for the quenched material with respect to the as-received specimens.
1. Numerical Modeling
The numerical model as shown in Figure 15 , consisted of the specimen and the projectile. A three-dimensional analysis was employed for the solution of the problem. The simulations converged for 79200 and 972 solid elements for the specimen and the projectile, respectively.
The projectile was assumed rigid and the behavior of the specimen was defined by Johnson-Cook material model. The contact surface was modeled by 3D_ERODING_SURFACE_TO_SURFACE elements. The constants of Johnson-Cook model were determined from quasi-static tensile tests using an Instron testing machine and dynamic tensile tests using a Split Hopkinson Bar apparatus. The results are given in Table  6 .
Mat_Add_Errosion was used for damage evaluation. According to this criterion, a damaged element is removed from the model when stress or strain exceeds a pre-defined level. Gruneizen equation of state is used in the simulations. The constants of the equation are given in Table 7 .
2. Validation of Numerical Simulations
The numerical simulations were performed for the asreceived material at six velocities used in the experiments. The results are compared in Table 8 . It is seen that for the velocity of 147.6 m/s the projectile did not penetrate the target. This was confirmed by both the experiment and the simulation. Figure 16 . From the figure, the reduction in the specimen's mass can be calculated as 6.7 g. The mass of the fragment of the specimen which was cut out by the projectile after perforating the specimen (shown in Figure 16 ), obtained from the experiment, was 0.65g. This gives an error of about 3% which is quite acceptable.
3. Numerical Results
Similar to the experiments, the residual velocities were obtained from the numerical simulations for the six impact velocities used in the ballistic tests and the Lambert-Jonas curves were obtained for the LJ powers mentioned above. The LJ curves are illustrated in Figure 17 .
The ballistic limit was obtained from the figure. The experimental and numerical ballistic limits are compared with each other in Table 9 . As the Table suggests, the minimum difference is obtained for the power of 2.
3. 1 The Effect of Projectile Tip Shape
Three different tip shapes including blunt, conical and hemispherical (oval) were studied in this work. The residual velocities obtained for blunt and oval nose shapes are compared in Table 10 . As the Table indicates, the maximum difference is about 16% which is not as significant. It can be drawn out that the oval nose increases the residual velocity but not very considerably. The residual velocities obtained for blunt and conical nose shapes are compared in Table 11 .
As the Table indicates, the maximum difference is about 20% which is not as significant. It is concluded that the conical nose increases the residual velocity but not very considerably. The ballistic limits for blunt, hemispherical and conical nose shapes are compared in Tables 12 and 13 . As the Tables suggest, the ballistic limit decrease for both the conical and hemispherical nose shapes but the decreases is not remarkable.
3. 2. The Effect of Target Thickness
In order to study the effect of specimen thickness on ballistic limit, two specimens with 2 mm and 3 mm thickness were modeled for the ballistic test simulation. The ballistic limits for the two specimens are given in Table  14 . As the Table indicates, the increase in thickness significantly decreases the residual velocity. However, the increase depends on the impact velocity such that it reduces with the increase of the impact velocity. The ballistic limits for the two thicknesses are compared in Table 15 . As it is seen, the increase in ballistic limit is nearly the same for all LJ powers. 
3. 3. The Effect of Projectile Mass
The initial mass of the projectile was 3.95 g. In order to examine the effect of mass on ballistic limit, a projectile with 7.89g was also used in the simulation. The residual velocities for the two projectile masses are given in Table 16 . As the Table indicates, for the impact velocity of 147.6 m/s, no penetration occurred for 3.95 g mass projectile while the 7.89 g projectile completely perforated the target. The ballistic limits for the two projectile masses are compared in Table 17 . As the Table suggests, the increase of projectile mass diminishes the ballistic limit. The reduction, however, depends strongly on LJ power and varies from 13% to about 29%.
DISCUSSION
The change of ballistic limit with temperature may be due to two possibilities; the change of microstructure or mechanical properties of the material. It has frequently been reported in the literature that no microstructural change occurs in the material at sub-zero temperatures. Therefore, the first possibility is completely ruled out. In order to examine the effect of temperature on mechanical properties of the materials, a number of specimens were tested at the strain rate of 1000s -1 using a tensile Hopkinson bar and at room temperature, -40, -80 and -196°C. From each test, the tensile stress-strain curve was recorded and the yield and ultimate strength were measured. The results are given in Table 18 . As the results indicate, the decrease of temperature gives rise to the increase of yield and strength of the materials. Typical SEM pictures are illustrated in Figure  18 . As the figure suggests, for the room temperature and -40°C, the fracture surface is quite dimpled without any trace of cleavage. Although, the density of dimples is clearly higher for room temperature the ductile fracture mechanism seen for both room temperature and -40°C tests verifies the similarity between the ballistic limits for these two temperatures. The fracture surface for -80°C, as observed in Figure 18 (c), is a mixture of dimple and cleavage. The surface for -196°C is completely cleaved and shows a quite brittle fracture mechanism for this temperature. The rate sensitivity of the ballistic limit depends on the temperature and increases with the decrease of temperature. In fact, the dislocation pile-ups which act as barrier to further movement of dislocations at higher strain rates cause more hardening at sub-zero temperatures so that the fracture mechanism changes from completely ductile at room temperature to fully brittle at -196°C. 
CONCLUSIONS
For the materials tested in this work and the test conditions, the following conclusions may be drawn: 1. For the as-received material, the ballistic limit is nearly the same for ambient and -40°C temperatures, but increases significantly for -80 and -196°C temperatures, respectively. 2. The increase of ballistic limit is lower for the quenched specimens and is 16% and 30% for -80 and -196°C temperatures, respectively. 3. The increase of projectile mass diminishes the ballistic limit.
4. By increasing the thickness of the specimen from 2mm to 3mm, the ballistic limits increased about 20 to 25%. 5. The ballistic limit decreased, for both the conical and hemispherical projectile's nose shapes. The maximum reduction was about 13% for p=2.25. 6. The fracture mechanism of the materials changed from completely ductile at room temperature to fully brittle at -196°C.
